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1. TECHNICAL FIELD 

The present invention relates to sensors for monitoring concrete condition. The invention 
also relates to sensors that measure environmental parameters in concrete such as moisture 
content, temperature, pH and concentrations of ions such as chloride, sodium or potassium. 

2. BACKGROUND OF THE INVENTION 

With infrastructure costs escalating, it is becoming essential to monitor and/or evaluate 
the health of concrete structures so that timely maintenance can maximize their useful lives. The 
initial strength and the service life of concrete used in an infrastructure, e.g., a roadway or a 
bridge, is significantly affected by its moisture content from the time that it is placed onwards. 
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Moisture and temperature are the primary drivers for the hydration of Portland cement, and are 
essential factors in the most prevalent deteriorative processes, such as damage due to freezing 
and thawing, alkali-aggregate reaction, sulfate attack or delayed Ettringite formation. 

One of the most devastating, yet most common, forms of concrete degradation is 
corrosion of embedded reinforcing steel, which is driven by moisture and temperature as the pH 
is lowered. Swelling of alkali-silicate gels, driven by sodium and potassium, is an additional 
failure mechanism in concrete. 

In normal concrete that has not been contaminated by deicing salts or sea salt, steel (iron) 
is protected against corrosion by the passive nature of the high pH environment characteristic of 
Portland cement concrete. (Pore water in hardened concrete is often modeled as a saturated 
calcium hydroxide solution with a pH of 13+.) This natural passivity is the reason that steel- 
reinforced concrete is a chemically stable combination of materials. This balance is upset, 
however, when contaminants such as deicing salts penetrate the concrete or when concrete 
carbonates, formed by the conversion of calcium hydroxide to calcium carbonate, as CO2 
permeates the capillary pores. Many different tests, summarized in Table 1, are currently 
required to provide complete data throughout the life of concrete. 
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Table 1: Tests of Concrete Condition 
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Hardened concrete has long been evaluated by laboratory wet analysis of extracted 
samples. While these techniques have been widely accepted, they are time-consuming and 
expensive. Electronic moisture sensors have been available for a considerable time, but have 
inherent limitations when embedded within concrete. The highly alkali environment can damage 
their electronics, and they are sensitive to electromagnetic noise. A further drawback of this 
approach is that power must be provided from an external source, requiring cables and 
connectors (e.g., Structural Health Sensor, Strain Monitor Systems, Inc., San Diego, CA 92101), 
or from an internal battery (e.g., Wireless Concrete Maturity Monitor, International Road 
Dynamic, Inc. Saskatoon, Saskatchewan, Canada). This necessarily increases the sensor's size 
and decreases the sensor's useful life. 

Fiber-optic techniques have been proposed as an alternative means of evaluating concrete 
degradation. .Several different techniques using optical fibers have been demonstrated for 
measuring moisture content. These techniques fall into two broad categories: (i) intensity 
measurements that take advantage of changes in light absorption as a function of moisture 
content, and (ii) measurements that rely on a change in the index of refraction. Within these 
categories, both single-mode and multi-mode fibers have been used, and various means to 
separate temperature and humidity effects have been employed. By using Time Domain 
Reflectography (TDR), multiple sensors have been monitored on a single fiber. The drawback of 
this approach is that only up to six sensors have been used. This somewhat decreases the cost of 
this type of sensor, but this is offset by the sophistication and cost of the equipment required for 
analysis. 

Furthermore, these optical systems all have the drawbacks that they require laser sources 
and optical power meters for measurements, as well as sophisticated analysis, if multiple sensors 
are to be interrogated using TDR. If left in place, the equipment represents a considerable 
expense and can be vulnerable to environmental damage. If equipment must be carried to a site 
and connected to the fiber optic sensors, then set-up and analysis time can be lengthy, again 
adding to the expense. 
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Low-powered (e.g., nano-watt) electronic devices offer a possible solution, but in their 
current state of development, also have drawbacks. Even though they are low-powered, they 
have a limited life, particularly when they are powered by batteries. 

2.1 Evaluation of environmental parameters in concrete 

Currently, concrete integrity or condition is evaluated primarily by extracting samples for 
wet chemical analysis in the laboratory where environmental parameters in the concrete, e.g., its 
moisture content, pH and ionic concentrations (e.g., concentrations of chloride, sodium or 
potassium ions) can be measured. Concrete samples are typically obtained by time-consuming . 
and expensive methods, e.g., either pulverizing pieces cut form the hardened concrete, or by 
collected the dust from drilling holes in the concrete to prescribed depths. 

Another environmental parameter, temperature, is evaluated in fresh concrete by ASTM 
CI 064 (Standard Test Method for Temperature of Freshly Mixed Portland Cement Concrete). 
Evaluating the temperature of hardened concrete, such as recording the temperature-time history 
to estimate concrete properties as a function of the maturity, is most conveniently done by 
embedded thermocouples connected to data loggers. Pre-programmed data loggers known as 
"maturity meters," are often used. 

The maturity method estimates the degree to which the Portland cement has been 
hydrated, by recognizing a simple linear relationship between concrete temperature and the rate 
of cement hydration (known as the Nurse-Saul approach), or the more accurate non-linear 
Arrhenius reaction rate model proposed by Freiesleben-Hansen and Pederson. In either case, the 
normal assumption is that sufficient water is available to hydrate the cement, and moisture 
content data are not normally collected, nor are maturity estimates corrected when there is a lack 
of available water. 

The drawback of the maturity method is that thermocouples are subject to corrosion and 
require instrumentation that is expensive and sensitive to the environment (and that therefore 
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should not remain on-site). The maturity method is also an empirical model with considerable 
uncertanty, i.e.. it gives only information on the state of hydration. 

Moisture content of aggregates is currently determined by oven-drying techniques 
(conventional, microwave, or convection oven). Alternatively, electrical conductivity-based 
moisture meters may be permanently mounted in concrete batching plants. Another technique 
employs a "Speedy Moisture Meter," which combines a wet or damp sand with a fixed amount 
of calcium carbide powder in a reaction chamber. A pressure gauge indicates the amount of 
acetylene gas generated, and thus infers the initial available moisture. The drawback of 
techniques that use oven-drying or moisture meters is that core samples must be taken from the 
concrete, which is time-consuming, expensive, requires skilled laboratory technicians, leaves 
openings that may not have been sealed, and which can allow water and salts ingress into the 
concrete. 

Moisture content in hardened concrete can be estimated by removing samples of concrete 
and oven-drying them. Water-vapor transmission is estimated by collecting water on one face of 
the concrete (often with a desiccant such as calcium chloride.) Embeddable moisture gauges, 
also known as "internal humidity meters" have been built and used by several researchers, but 
are not routinely used (See ACI 308 Guide to Curing Concrete, Chapter 4, "Monitoring Curing 
Effectiveness.") 

pH measurements in fresh concrete were conducted by Thomas and Hover at Cornell in 
1988 to evaluate the rate of Ca(OH)2 production due to cement hydration, using a conventional 
electronic pH meter. The drawback of this approach is that the viscous cement paste tended to 
clog the tip of the pH probe, making it difficult to record the continuously changing pH. 

In hardened concrete, the most common pH evaluation technique is to spray 
phenolphthalein indicator on a concrete surface that has been freshly exposed by drilling, cutting, 
or cracking. Concrete that does not produce the characteristic pink/purple color is considered to 
have become acidified (most typically by ingress of C0 2 ). The drawback of this approach is that 



10 



it requires core samples be taken from the concrete. Also, this technique is qualitative rather 
than quantitative, in that it merely indicates whether pH is basic or acidic. 

Chloride is extracted from concrete for analysis by either distilled water or acid to obtain 
the water-soluble or acid-soluble chloride concentration. The solution is then analyzed by any of 
a number of wet-chemistry lab methods (See ASTM CI 1 52 / CI 14.) Again, the drawback of this 
approach is that it requires extraction of chloride from the concrete, which is time-consuming, 
expensive and involves complex wet-chemistry diagnostic tests. 

Assessment of the corrosion of steel reinforcing bars in concrete is commonly carried out 
by Linear Polarization Resistance (LPR), half cell potential, macrocell current measurements, or 
resistivity tests. 

2.2 Embeddable concrete sensors 

Although the above-described techniques are in wide use, they are necessarily time- 
consuming and expensive. The obvious advantages of in-situ testing have led to the 
development of embeddable sensors. 

One type of embeddable sensor currently available is a half cell. A half cell potential 
survey can be conducted of reinforced concrete structures known, or believed to be, suffering 
from corrosion, particularly due to chloride contamination. Half cells are also embedded in 
concrete to monitor the performance of cathodic protection systems for atmospherically exposed 
steel in concrete, although the size of existing devices can make this difficult. The drawbacks of 
this approach (which is generally used only in buildings) are size, complexity and cost of these 
devices, plus external power requirements and need for read-out. 

Another type of embeddable sensor currently available is a fiber-based moisture sensor. 
Fiber-based moisture sensors have recently been developed based on the technology for 
monitoring strain in bridges using optical fibers with Bragg diffraction. Jones and Kharaz used a 
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multi-mode fiber with evanescent absorption in a gelatinous cladding layer to detect changes in 
moisture content (Jones and Kharaz 5 "A distributed optical-fibre sensing system for multi-point 
humidity measurement, 55 Sensors and Actuators A 46-47 (1 995) 491-493). They report that the 
reversible hydration of cobalt chloride within the gelatin significantly changed the absorption of 
light at a wavelength of 670 nm while absorption at 850 nm was nearly unchanged. By using 
these two wavelengths, the effects of temperature were removed from the measurement of 
moisture content and a resolution of < 2% was achieved. Although the authors claimed a useful 
range of humidity from 20 to 80%, the results showed that the range can be increased to 100% 
albeit with a reduction in the resolution. The drawback of this technique, however, is that the 
fibers remain embedded but read-out requires a laser source, a detector, and electronics that are 
expensive and sensitive to the environment (and that therefore should not remain on-site). 
Connecting to optical fibers is difficult, owing to the precise alignment that is required. All of 
the fiber-optic techniques share these drawbacks. 

Bariain et al. measured moisture content using a refractometer comprising a single-mode 
fiber with a double tapered section that was coated with agarose gel (Bariain, Mataas, Arregui 
and Lopez- Amo, "Optical fiber humidity sensor based on a tapered fiber coated with agarose 
gel," Sensors and Actuators B 69 (2000) 127-131). As the refractive index changed with 
increasing moisture, attenuation across the tapered section was reduced. Results were presented 
for a range of 30% to 80% relative humidity (RH) but the range may be extended with some loss 
of sensitivity. The RH of concrete, however, can approach 100% at times, which limits the 
usefulness of such a refractometer. Furthermore, sensitivity to temperature was not measured. 

Jindal et al. used a moisture-sensitive core within a section of single-mode fiber to 
increase the evanescent absorption as the sensor is traversed by light (Jindal, Tao, Singh and 
Gaikwad, "A Long Range, Fast-responsive Fiber Optic Relative Humidity Sensor," Optical 
Engineering 41,5 (2002) 1093-1096). 

An embeddable electronic device from Virginia Technologies, Inc. (Charlottesville, 
Virginia) can measure LPR, open circuit potential (OCP), resistivity, chloride ion concentration 



12 



[C1-] and temperature. Its drawback, however is that it must be connected to a data logger that 
also provides the unit with power. 

An embeddable sensor to measure resistivity within concrete is also available (The 
Applied Physics Lab, The Johns Hopkins University). The device is wireless and powered by an 
RF source that also stores data for subsequent processing and analysis. Its primary drawback, 
however, is that it is unable to measure other parameters of interest. It also has the drawbacks of 
large antenna size and requirements for a particular orientation. 

2.3 Passive sensors 

The sensors described in Section 2.2 may all be described as active, requiring continuous 
power from a battery or an external source in order to function. Passive sensors that operate by 
changes in the capacitive or inductive elements have also been proposed. Ong and his colleagues 
have developed passive sensors to evaluate temperature, humidity and pressure, the complex 
permittivity of the surrounding medium and the concentration of C0 2 , NH 3 and 0 2 (Ong, Zeng 
and Grimes, "A Wireless, Passive Carbon Nanotube-based Gas Sensor," IEEE Sensors Journal, 
2, 2, (2002) 882-88; Ong, Grimes, Robbins and Singh, "Design and application of a wireless, 
passive, resonant-circuit environmental monitoring sensor," Sensors and Actuators A, 93 (2001) 
33-430). These devices operate in the range of 5 to 25 MHz and rely on changes in impedance. 
The operating distance was typically limited to under 10 cm. 

Varadan et al. used a Surface Acoustic Wave (SAW) device operating at 915 MHz to 
measure temperature (Varadan, Teo, Jose and Varadan, "Design and development of a smart 
wireless system for passive temperature sensors," Smart Mater. Struct. 9 (2000) 379-388). This 
device does not rely on measuring the impedance at the RF transmitter but rather uses the delay 
time between the emitted and returned signals. A frequency modulated RF wave is transmitted 
to the sensor and the induced current is converted to an acoustic wave that traverses the surface 
of a lithium niobate wafer, is converted back into an electrical signal and re-radiated by the 
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antenna. The delay time is a function of the temperature of the wafer and the system resolution 
is 0.33°C. Measurements can be made over a range of one to two meters. 

Butler et al. used a change in the inductance of the sensor's antenna rather than a change 
in capacitance to measure strain (Butler, Vigliotti, Verdi and Walsh. "Wireless, passive, 
resonant-circuit, inductively coupled, inductive strain sensor," Sensors and Actuators A, 102 
(2002) 61-66). A coil antenna was deformed in-plane to change its inductance and shift the 
resonance frequency. In other respects it operates similarly to the devices previously described. 

Milos et al. (Milos et al., "Wireless Subsurface Microsensors for Health Monitoring of 
Thermal Protection Systems on Hypersonic Vehicles", in Advanced Nondestructive Evaluation 
for Structural and Biological Health Monitoring, Ed. T. Kundu, Proceedings of SPIE 4335 
(2001) 74-82) successfully combined a passive sensor with an RFID chip to produce a device 
that signals when a certain temperature has been exceeded. Two capacitors were attached in 
parallel with the antenna with one of the capacitors connected by a fusible link designed to melt 
at 292°C. The shift in resonance frequency was used to read the device while its location was 
determined from its identification number. In another version, the fusible link causes the 
transponder bit-stream to be inverted when it is broken. A device using this second version has 
been commercialized by SRI International and used to identify heat-shield tiles on the space 
shuttle whose adhesive may have been damaged during re-entry . 

Those devices that measure the change in resonance frequency offer good sensitivity to a 
wide range of important phenomena and can potentially be used as concrete sensors. It is 
unfortunate but inevitable that their operating range is short, however, owing to the rapid 
reduction in mutual inductance with separation. 

2.4 RFID systems 

As discussed above, low-powered electronic devices for monitoring concrete have a 
limited life, particularly when they are powered by batteries. By contrast, so-called Radio 
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Frequency Identification (RFID) devices combine a microchip with an antenna (the RFID chip 
and the antenna are collectively referred to as the "transponder" or the "tag"). The antenna 
provides the RFID chip with power when exposed to a narrow band, high-frequency 
electromagnetic field. Such a device can return a unique identification ("ID") number by 
modulating and re-radiating the radio frequency (RF) wave. The basic design of an RFID chip is 
extremely simple, containing only basic modulation circuitry, a rectification bridge and non- 
volatile memory. 

RFID systems are gaining wide use due to their low cost, indefinite life and the ability to 
identify parts at a distance without contact. RFID systems are in widespread use for asset 
management, inventory, pallet tracking, electronic tolls, livestock tracking, building access and 
automobile security. They first appeared in tracking and access applications during the 1980s. 
Since these are wireless systems that allow non-contact reading, they may be used in 
manufacturing and other hostile environments where barcode labels could not survive. 

The simplest RFID system provides one-way communication between an RFID 
transponder (i.e., an RFID chip and antenna) and a transceiver. A dipole antenna or a coil, 
depending on the operating frequency, is connected to the RFID chip and powers it when current 
is induced in the antenna by an RF signal from the transceiver's antenna. 

Within the United States, commonly used operating bands for RFID systems center on 
one of three government-assigned frequencies: 125 KHz, 13.56 MHz or 2.45 GHz. A fourth 
frequency, 27.125 MHz, has also been assigned. Of these frequencies, only the GHz range 
provides a true RF link, while the others operate as electromagnetic transformers. 

When the 2.45 GHz carrier frequency is used, the range of an RFID chip can be many 
meters. While this is useful for remote sensing, there may be multiple transponders within the 
RF field. In order to prevent these devices from interacting and garbling the data, however, anti- 
collision schemes must be used. 
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Since an infrastructure may remain in place, or have a useable lifetime of a hundred years 
or more, there is a need in the art for an embeddable sensor for monitoring concrete condition 
that can survive for the lifetime of the concrete. Furthermore, there is a need in the art to provide 
embeddable concrete sensors that can be used to detect changes in environmental parameters in 
concrete such as moisture content, temperature, pH, and the concentration of ions (e.g., chloride, 
sodium and potassium ions). Such sensors could provide critical data for monitoring the 
condition of concrete, starting with the initial quality control period of freshly mixed or freshly 
cast concrete, through the concrete's useful service life, and through its period of deterioration 
and/or repair. 

Citation or identification of any reference in Section 2, or in any other section of this 
application, shall not be considered an admission that such reference is available as prior art to 
the present invention. 



3. SUMMARY OF THE INVENTION 



The present invention provides an embeddable sensor for monitoring concrete condition 
that can survive for the lifetime of the concrete. The invention is based on the surprising 
discovery, on the part of the inventors, that a low-cost, efficient, long-lived sensor for monitoring 
concrete may be constructed that is powered and interrogated using radio frequency (RF) energy 
from a distance (e.g., a distance of over one meter), and that returns a unique identification signal 
(e.g., a number) so that data can be correlated with sensor location. According to the invention, 
operation of the sensor is based on capacitive changes in a MEMS semi-conductor device (e.g., a 
silicon semi-conductor device) by a change in (e.g., swelling of or change in permittivity of) a 
material deposited on or in the semi-conductor device. Data obtained from the sensor of the 
invention is used to prolong the service life of concrete, lower infrastructure costs and promote 
development of more effective plans for remediation. 

The invention provides a sensor for monitoring an environmental parameter in concrete 
comprising an enclosure for embedding in concrete; a detecting means connected to (e.g., 
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mounted within or mounted on the surface of) the enclosure for detecting at least one 
environmental parameter in concrete, the detecting means comprising at least one capacitive 
element for measuring capacitive change; an active material connected to (e.g., mounted within 
or mounted on the surface of) the enclosure, the active material being liable to respond to the 
environmental parameter and the active material being operably connected to the capacitive 
element; a RFID chip mounted within the enclosure, the RFID chip being operably connected to 
the detecting means; and an antenna operably connected to the RFID chip, the antenna being 
operably connected to the detecting means and being part of an L-R-C circuit whose resonance 
frequency shifts within the assigned frequency band. 

In one embodiment, the sensor further comprises a transceiver electromagnetically 
coupled with the antenna. In another embodiment, the sensor further comprises an information 
processor in communication with the transceiver. In one aspect of this embodiment, the 
information processor is adapted to identify the environmental parameter from data generated by 
the transceiver. In another embodiment, the environmental parameter is identified by measuring 
a shift in frequency of complex impedance (Z) within the assigned frequency band. 

In another embodiment, the transceiver is operably connected (e.g., by a wired or 
wireless connection) to a means for measuring the change in resonance frequency (i.e., frequency 
shift) of the sensor's L-R-C circuit (where L is the antenna's inductance, R is resistance and C is 
capacitance). 

In another embodiment, the change in resonance frequency is a shift in frequency of a re- 
radiated signal. 

In another embodiment, the shift in frequency is caused by a change in capacitance. 

In another embodiment, the capacitive change is effected by movement of the capacitive 
element. 
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In another embodiment, the capacitive change is effected by change in permittivity of the 
active material. 

In another embodiment, the capacitive element comprises a parallel plate capacitor. 

In another embodiment, the parallel plate capacitor is a perforated parallel plate capacitor. 

In another embodiment, the capacitive element comprises an interdigitated capacitor. 

In another embodiment, at least a portion of the enclosure is permeable. 

In another embodiment, the environmental parameter is moisture content. In another 
embodiment, the environmental parameter is temperature. In another embodiment, the 
environmental parameter is pH. In another embodiment, the environmental parameter is ion 
concentration. In specific embodiments, the ion is chloride, sodium or potassium ion. 

In another embodiment, the assigned frequency band is 13.56 MHz and the re-radiated 
signal is within a frequency band 27.125 MHz. 

In another embodiment, the active material is a dielectric material. 

In another embodiment, the active material is a hydrogel. 

In another embodiment, the antenna is a coil antenna. 

In another embodiment, the antenna is a loop antenna. 

In another embodiment, the antenna is a dipole antenna. 

In another embodiment, the antenna is connected to (e.g., mounted within or mounted on 
the surface of) the enclosure. 
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In another embodiment, the antenna is wrapped around the enclosure. 

The invention also provides a MEMS-based capacitor that responds to an environmental 
parameter in concrete. 

The invention also provides a method for applying an active material within a MEMS 
device comprising pouring at least one precursor material of the active material into an opening 
of the MEMS device. 

4. BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention is described herein with reference to the accompanying drawings, 
in which similar reference characters denote similar elements throughout the several views. It is 
to be understood that in some instances, various aspects of the invention may be shown 
exaggerated or enlarged to facilitate an understanding of the invention. 

FIG. 1 shows a schematic diagram of an embodiment of the sensor of the invention. In this 
embodiment, the sensor comprises a RFID chip, a ferrite core antenna, a capacitive element and 
a diode. The diode produces harmonics of the excitation frequency. See Section 5.5 for details. 

FIG. 2. RFID antenna-capacitor circuit. LI is the sensor antenna coil, CI is a fixed 
capacitor, C2 is the variable capacitance formed by the sensor, which is the variable capacitor 
sensitive to the environment. C2 is switched out of the resonant circuit by the RFID chip using 
the internal transistor as it transmits its data. This action causes the resonance of the LC circuit 
formed by the antenna and capacitors to change, the change from resonance to non-resonance is 
detected at the reader as a voltage drop in the source antenna. However, it is the shift of the 
primary resonant frequency that allows the measurement a change in capacitance at C2. That is, 
the difference between the theoretical center frequency with C2 at some nominal value and the 
frequency at which the actual resonant frequency is found. This difference is used to infer a 
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difference in capacitance at C2 and therefore a proportional difference in the environment. See 
Section 5.4.1 for details. 

FIG. 3 is a diagram showing magnetic flux <t> for a single-loop antenna (top half of diagram) 
and a ferrite-core antenna (bottom half of diagram). See Section 5 .5 for details. 

FIG. 4 is a diagram showing that the impedance of two coupled coils is a function of the 
mutual inductance, M, which falls rapidly as the distance x between the coils becomes larger 
than the coil diameters, r. See Section 5 .5 for details. 

FIG. 5 is a schematic diagram of the top view of an embodiment of a sensor of the invention 
comprising a MEMS device 500. The MEMS device forms the capacitive element of an L-R-C 
network (not shown). Two sets of interdigitated capacitive elements, 502 and 504, are formed 
within the MEMS device 500 with the first of these, 502, fixed within the device and the second, 
504, movably mounted on spring elements 508. The active material 506 (e.g., hydrogel) is 
disposed within and between the spring elements 508. This active material is chosen so that it 
responds to a measurand by swelling. As swelling occurs, capacitive element 504 moves relative 
to the fixed capacitive element 502, thereby changing the capacitance of the device. An 
important feature of this embodiment is the degree to which the active material 506 is 
constrained. The ratio of the surface bounded by the body of the MEMS device 500, the spring 
elements 508 and the movable capacitive element 504 to the free surface above and below the 
active material 506 is extremely high. As a consequence, the force that can be exerted by the 
active material is extremely high. 

FIG. 6 shows a schematic diagram of the top view of another embodiment of a sensor of the 
invention comprising a MEMS device 600. The MEMS device forms the capacitive element of 
an L-R-C network (not shown). Two sets of interdigitated capacitive elements, 602 and 604, are 
formed within the MEMS device 600 with the first of these, 602, fixed within the device and the 
second, 604 5 movably mounted on spring elements 608. The active material 606 (e.g., hydrogel) 
is disposed between the main body of the MEMS device 600 and the movable capacitive element 
604. This active material is chosen so that it responds to a measurand by swelling. As swelling 
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occurs, capacitive element 604 moves relative to the fixed capacitive element 602, thereby 
changing the capacitance of the device. An advantage of this embodiment is the ease with which 
the active material 606 can be deposited. There is, however, a reduction in the amount of force 
that can be applied to movable capacitive element 604, due to the reduction in the degree of 
constraint in material 606. 

FIG. 7 shows a schematic diagram of the top view of yet another embodiment of a sensor of 
the invention comprising a MEMS device 700. The MEMS device forms the capacitive element 
of an L-R-C network (not shown). Two sets of immovable, interdigitated capacitive elements, 
702 and 704, are formed within the MEMS device 700. The active material 706 (e.g., hydrogel) 
is disposed between the two sets of capacitive elements. This active material is chosen so that it 
responds to a measurand by a change in permittivity and, consequently, changes the capacitance 
of the device. Although swelling may also occur, this does not directly affect the capacitance. 

FIG. 8 shows a schematic diagram of the top view of a further embodiment of a sensor of 
the invention comprising a MEMS device 800. The MEMS device forms the capacitive element 
of an L-R-C network (not shown). Two sets of interdigitated capacitive elements, 802 and 804, 
are formed within the MEMS device 800 with the first of these, 802, fixed within the device and 
the second, 804, movably mounted on spring elements 808. The active material 806 (e.g., 
hydrogel) is disposed between the two sets of capacitive elements 802 and 804. This active 
material is chosen so that it responds to a measurand by swelling and by a change in its 
permittivity. Swelling is liable to be restricted by shear forces acting within the active material, 
between the interdigitated elements, however, some displacement of movable capacitive element 
804 will occur. This movement can change the capacitance of the device in the same sense as 
the change that arises from the change in permittivity, thereby increasing the sensitivity of the 
MEMS capacitor 800. 
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5. DETAILED DESCRIPTION OF THE INVENTION 



The present invention provides a low-cost, efficient, long-lived sensor for monitoring 
concrete that is powered and interrogated using radio frequency (RF) energy from a distance 
(e.g., a distance of over one meter) and that returns a unique identification ("ID") number so that 
data can be correlated with sensor location. 

The invention provides a sensor for monitoring an environmental parameter in concrete 
comprising: 



(a) an enclosure for embedding in concrete; 



(b) a detecting means connected to the enclosure for detecting at least one 
environmental parameter in concrete, the detecting means comprising at least one 
capacitive element for measuring capacitive change; 



(c) an active material connected to the enclosure, 

(i) the active material being liable to respond to the environmental 
parameter, and 

(ii) the active material being operably connected to the capacitive 
element; 



(d) a RFID chip mounted within the enclosure, the RFID chip being operably 
connected to the detecting means; and 



(e) an antenna operably connected to the RFID chip, 

(i) the antenna being operably connected to the detecting means, and 

(ii) the antenna being part of an L-R-C circuit whose resonance 
frequency shifts within an assigned frequency band. 
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. In another embodiment, the sensor further comprises a transceiver electromagnetically 
coupled with the antenna. 

In another embodiment, the sensor further comprises an information processor in 
communication with the transceiver, the information processor being adapted to identify the 
environmental parameter from data generated by the transceiver. In another embodiment, the 
environmental parameter is identified by measuring a shift in frequency of complex impedance 
(Z) within the assigned frequency band. 

In certain embodiments, the transceiver is operably connected (e.g., by a wired or 
wireless connection) to a means for measuring the change in resonance frequency (i.e., frequency 
shift) of the sensor's L-R-C circuit (where L is the antenna's inductance, R is resistance and C is 
capacitance). 

In certain embodiments, the invention provides a passive sensor (i.e., a sensor that 
requires no external wiring or battery to provide power) that is embedded within concrete and 
that measures moisture content, temperature, pH and/or ion concentration (e.g., chloride, sodium 
or potassium) ions. In one embodiment, the passive sensor provides information starting with 
the initial quality control period of freshly mixed or freshly poured concrete. In another 
embodiment, it provides information throughout the period of useful service life of the concrete 
or throughout the period of deterioration and repair. In another embodiment, data obtained from 
the sensor of the invention may be used to prolong the service life of the concrete, lower 
infrastructure costs and promote development of more effective plans for remediation. 

According to the invention, an environmental parameter in the concrete, for example, 
moisture content, temperature, pH or ion concentration (e.g., chloride, sodium or potassium ion), 
will produce a response in the active material. The active material is operably connected to the 
detecting means for capacitive change, and a response in the active material thereby produces a 
change in the capacitive element of the detecting means. The change in the capacitive element 
shifts the resonance frequency of the L-R-C network within an assigned frequency band of the 
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antenna that is operably connected to the RFID chip. As disclosed hereinbe!ow 5 a diode in the 
antenna circuit may be used, in certain embodiments, to generate even harmonics so that the re- 
radiated signal can be separated from the input by a transceiver electromagnetically coupled with 
the antenna. 

In certain embodiments, the transceiver is operably connected (e.g., by a wired or 
wireless connection) to a means for measuring the complex impedance (Z) within the assigned 
frequency band. 

An information processor is in communication with the transceiver, and is adapted to 
identify the environmental parameter from data generated by the transceiver. In one 
embodiment, the environmental parameter is identified by measuring a shift in frequency of 
complex impedance (Z) within the assigned frequency band. 

The invention also provides a MEMS-based capacitor that responds to an environmental 
parameter in concrete. 

The invention also provides a method for applying an active material within a MEMS 
device comprising pouring at least one precursor material of the active material into an opening 
of the MEMS device. In one embodiment, the precursor material is a precursor for a hydrogel 

For clarity of disclosure, and not by way of limitation, the detailed 
description of the invention is divided into the subsections set forth below. 

5.1 Enclosure for embedding in concrete 
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The lifetime of the sensor of the invention is indefinite, since, in certain embodiments, it 
is passive and no battery is required. The sensor of the invention comprises an enclosure for 
embedding in concrete, which protects the sensor from long-term exposure to the environment. 
Any material known in the art compatible with concrete may be used to construct the enclosure, 
e.g., concrete, ceramic materials, plastic, quartz, glass. In one embodiment of the invention, a 
planar, organic substrate is used. 

In one embodiment, the enclosed sensor is embedded in the concrete aggregate. In 
another embodiment, the enclosed sensor is attached to a reinforcing element of the concrete, 
e.g., rebar. 

In one embodiment, the enclosure is impermeable. In a specific embodiment, the 
impermeable enclosure encloses a temperature sensor. 

In another embodiment, at least a portion of the enclosure is permeable (e.g., is perforated 
or microporous, or contains holes or openings) and permits ion migration or ingress of moisture. 

In one embodiment, the enclosure is rigid. In another embodiment, the enclosure is 
flexible. 

Given the moist, ionic environment in which the sensor of the invention must operate 
over a period of many years, in one embodiment, a ceramic enclosure is used. Ceramic 
enclosures can be hermetically sealed using glass or metal, using methods known in the art, so 
that the RFID chip, diode and wiring can be completely protected from moisture that might 
otherwise result in delaminations. 

In one embodiment, the sensor is encapsulated within a hermetic package, e.g., a ceramic 
package. In such an embodiment, the antenna is small enough to be contained within the 
hermetic package. In another embodiment, the antenna is larger and is not contained within the 
hermetic package. 
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In embodiments of the invention in which a MEMS device is used (see Section 5.2), the 
MEMS device can be located, for example, within a cavity on or in the ceramic enclosure. 

Since ceramics can never be completely densified, the resulting porosity may be used to 
facilitate bonding to cement. Alumina ceramics have a coefficient of thermal expansion (CTE) 
of about 6.5 ppm/°C, which is similar to that of limestone and some other aggregates, and may 
be used, in certain embodiments, to form enclosures for the sensor of the invention. 

In another embodiment, at least a portion of the enclosure is silicone. In a specific 
embodiment, silicone encapsulation, a technique commonly known in the art, is used to provide 
short-term protection of the sensor, e.g., for use in testing prototypes of the sensor. 

5.2 Detecting means for detecting environmental parameters in concrete 

In one embodiment, the sensor of the invention comprises a detecting means connected to 
(e.g., mounted within or mounted on the surface of) the enclosure for detecting at least one 
environmental parameter in concrete, the detecting means comprising at least one capacitive 
element for measuring capacitive change. 

Environmental parameters in concrete include, but are not limited to moisture content, 
temperature, pH and concentration of ions (e.g., chloride, sodium or potassium ions). 

In certain embodiments, the detecting means comprises a capacitor. The capacitor can 
be, e.g., an interdigitated capacitor or a parallel plate capacitor. In a specific embodiment, the 
capacitor is a perforated parallel plate detector. 

In one embodiment, the capacitive change is effected by movement within the capacitive 
element (e.g., one side or plate of the capacitor moves). In another embodiment, the capacitive 
change is effected by change in permittivity of an active material (see Section 5.3). In yet 
another embodiment, both movement and a change in permittivity occur. 
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In a specific embodiment, the capacitor is a MEMS device. MEMS devices are well 
known in the art, e.g., a semiconductor device with mechanical features on the micrometer scale. 
In one embodiment, the sensor comprises a MEMS-based capacitor that responds to an 
environmental parameter in concrete. 

The sensor of the invention also comprises an active material connected to (e.g., mounted 
within or mounted on the surface of) the enclosure (see Section 5.3). The active material is 
liable to respond to the environmental parameter and is operably connected to the capacitive 
element. 

In one embodiment, when the active material responds to an environmental parameter in 
concrete, it produces a capacitive change in the capacitive element (e.g., capacitor or MEMS 
device). 

In a specific embodiment, the active material is a hydrogel and the hydrogel is embedded 
in the MEMS device (see Section 5.3). 

In another specific embodiment, the sensor comprises a MEMS cantilever resonator with 
a hydrogel coating. The MEMS cantilever resonator can be used, in certain embodiments, as an 
electro-mechanical device driven by an RF signal within an assigned frequency band. 

In another embodiment, the active material is surrounded by a permeable layer capable of 
allowing moisture or ions to permeate into the active material. Such permeable layers are well 
known in the art and include, but are not limited to polyimide, GORE-TEX®, porous ceramic 
and concrete. 

Long-term exposure to the environment within concrete can cause severe corrosion of 
circuitry as the pH decreases. To overcome this problem, in certain embodiments the circuitry 4 
and connections to the MEMS device can simply be isolated from the environment, provided that 
the measurands can permeate into the active material. Alternatively, various platings well 
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known in the art, including but not limited to nickel, chromium, gold and palladium, may be 
applied to the circuitry and antenna. This is especially important if the circuit carrier can absorb 
moisture (e.g., a polyimide circuit carrier). 

5.3 Materials for capacitive measurements 

The sensor of the invention comprises an active material connected to(e.g., mounted within 
or mounted on the surface of) the enclosure, (i) the active material being liable to respond to the 
environmental parameter, and (ii) the active material being operably connected to (e.g., in 
physical contact with, surrounding, or coating) the capacitive element. 

In one embodiment, the active material is in physical contact with a capacitive element that 
is movable. In another embodiment, the active material is in physical contact with a capacitive 
element that is fixed, and the active material changes permittivity in response to an 
environmental parameter. In another embodiment, the active material is not in physical contact 
with a capacitor but is movably connected with the capacitor via a movable member, such as a 
spring or a movable plate. 

In certain embodiments, the active material is enclosed or surrounded by a permeable 
barrier, e.g., a permeable layer. In one embodiment, the active material is partially enclosed by 
the permeable barrier. In another embodiment, the active material is completely enclosed by the 
permeable barrier. 

In one embodiment, the active material is a dielectric material. Dielectric materials can 
be used for capacitive temperature, moisture content, pH and chloride (or sodium or potassium) 
ion measurements and are well known in the art (see, e.g., Ong, Zeng and Grimes, "A Wireless, 
Passive Carbon Nanotube-based Gas Sensor", IEEE Sensors Journal, 2, 2, (2002) 882-88; Ong, 
Grimes, Robbins and Singh, "Design and application of a wireless, passive, resonant-circuit 
environmental monitoring sensor," Sensors and Actuators A, 93 (2001) 33-43). 
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Dielectric materials that respond in a predictable, stable way to changes in moisture 
content, temperature, pH or ion (e.g., chloride, sodium or potassium) concentration over a long 
period may be identified according to methods well known in the art. In a specific embodiment, 
polyimide, which responds to moisture, is used as the active material. 

Dielectric materials that respond to pH are well known in the art and include, but are not 
limited to: PMMA, poly(2-hydroxyethyl methacrylate (HEMA))and hydrogels such as 
copolymerized N-isopropyl acrylamide (NIPAAm) and acrylic acid (AAc). In one embodiment, 
acrylic acid (AAc), which is sensitive over the range of 2 - 12, is used. 

Other hydrogels commonly known in the art and suitable for use in the sensor of the 
invention include, but are not limited to poly(2-hydroxypropyl methacrylate) and 
poly(allylamine hydrochloride). 

Polyampholytic hydrogels and bilayer lipid membranes are well known in the art 
(English, Mafe, Manzanares, Yu, Grosberg and Tanaka, Equilibrium Swelling Properties of 
Polyampholytic Hydrogels, J. Chem. Phys., 104, 21 (1996) 8713-8720; Tien, Barish, Gu and 
Ottova, Supported Bilayer Lipid Membranes as Ion and Molecular Probes, Analytical Sciences 
14, (1998) 3-18). Such hydrogels or bilayer lipid membranes may also be used, in certain 
embodiments, as active materials to detect changes in environmental parameters such as ion 
concentration. 

In certain embodiments, bacterial growth or contamination is prevented from occurring in 
the active material by using anti-bacterial methods well known in the art, e.g., adding an anti- 
bacterial agent to the active material before (or after) it is introduced into the sensor. 

In certain embodiments, a dielectric material for use in the sensor of the invention is 
coated onto the capacitive element (e.g. an interdigitated or parallel plate capacitor, a MEMS 
device) using standard techniques practiced in the electronics industry. For example, wet coating 
and blade leveling can be used to prepare thick dielectric layers. Processes well known in the 
art, e.g., spin-coating, can be used to produce uniform, thin layers for testing. 
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Precursors of the active material can be mixed in situ to fill spaces within, or in contact 
with, the capacitive element (e.g., a MEMS device). In one embodiment, the invention provides 
a method for applying an active material within a MEMS device comprising pouring at least one 
precursor material of the active material into an opening of the MEMS device. In another 
embodiment, the precursor material is a precursor for a hydrogel. Such precursor materials are 
commonly known in the art. 

In testing a dielectric material for potential use with a capacitive element, layer thickness 
can be varied in order to study the sensitivity and response time of each dielectric to the 
measurands. A full-factorial experiment can be carried out for the four measurands — moisture 
content, temperature, pH and chloride (or sodium or potassium) ion concentration — according 
to methods well known in the art. 

Furthermore, in testing a dielectric material for potential use with a capacitive element, 
moisture content can be varied from 1 to 100% R.H.; temperature can be varied from -30°C to 
70°C; pH range can be varied from 6 to 13 and chloride concentration can be varied from 0.2 to 
4 mg/cm 3 (corresponding roughly to industry limits of 0.06% to 1% CI- by weight). In one 
embodiment, the capacitive element has a capacitance of about 20 pf for a typical LC at 1 3.5 
MHz. 

In testing a dielectric material for potential use with a capacitive element, capacitance 
tests can be undertaken in a controlled environment. Initial temperature and moisture tests may 
be made, for example, in a controlled environment, such as a temperature and humidity ("T & 
H M ) chamber, according to methods well known in the art. 
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Additional tests can be performed within a dielectric material so that moisture content, 
pH and ion concentration (e.g., chloride, sodium or potassium ion concentration) can be easily 
varied. Capacitance can be measured according to standard methods, e.g., using a digital 
capacitance tester with a range of, e.g., 2 pF to 200 nF and a resolution of e.g., 0.001 pF to 0. 1 
nF. Capacitance changes can be correlated to measurements made using standard techniques. 

A hygrometer can be used to measure moisture content using standard techniques. A 
solid-state FET tester can be used, using standard techniques, to measure pH, while Cl(-) 
concentration can be measured, using standard techniques, e.g., the chloride ion selective 
electrode method. 

5.4 RFID devices 

The invention provides a sensor that comprises a RFID chip mounted within the 
enclosure, the RFID chip being operably connected to the detecting means. The RFID chip may 
be connected to the detecting means by any art-known method, e.g., wired to, or connected by a 
wireless method to, the detecting means. 

RFID systems are wireless systems that permit non-contact reading and that are 
commonly known in the art. An RFID system comprises an RFID chip, an antenna that is part of 
an L-R-C network and a transceiver. Amplitude modulation of a RF signal by the RFID system 
is used to provide identification of the concrete sensor of the invention. 

In one embodiment, the RFID chip uses only basic modulation circuitry, a rectification 
bridge and non-volatile memory. Such RFID chips are well-known in the art. 

Standard, commercially available RFID chips are designed to modulate a source signal 
continuously. In certain embodiments, the sensor comprises a standard RFID chip (e.g., available 
from Alien Technology, Morgan Hill, CA; Microchip Technology Inc., Chandler, AZ; Graphic 
Solutions Inc., Burr Ridge, IL; or Poynting Innovations (Pty) Ltd, Wendywood, South Africa). 
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Accurate determination of the shift in resonance frequency in such standard chips is simplified, 
since sidebands or harmonics are well outside the band and are generally reduced. 

In one embodiment, the sensor comprises an RFID chip that is modified, according to 
methods well known in the art, so that it provides single-shot data modulation. In another 
embodiment, the sensor comprises an RFID chip that is custom-programmable 

In one embodiment, the sensor comprises an RFID system with one-way communication 
between the RFID transponder (e.g., the RFID chip and antenna) and a transceiver. In one aspect 
of this embodiment, a dipole antenna or a coil antenna (depending on the operating frequency) is 
operably connected to, and powers, the RFID chip when current is induced in the antenna by an 
RF signal from the transceiver's antenna. 

In another embodiment, the sensor of the invention operates within RF bands designated 
by a national authority as RFID operating bands. For example, in the United States, designated 
RFID operating bands of 125 KHz, 27.125 MHz, 13.56 MHz or 2.45 GHz, may be used for 
powering and/or interrogating the RFID chip. 

In another embodiment, one or more sensors of the invention are located within the 
concrete. To prevent the multiple sensors from interacting with one another and garbling the 
data, an anti-collision scheme may be used. Such anti-collision schemes are well known in the 
art, such as time-based anti-collision schemes using, e.g., a programmable, sleep-mode duration 
RFID chip (e.g., MCRF 355/360 RFID microchip from Microchip Technology Inc., Chandler 
AZ, see Microchip Technology Inc.'s Technical Bulletin DS21287F for discussion of anti- 
collision scheme). 

In another embodiment, the RFID system comprises a diode. A diode within a resonant 
circuit produces even harmonics owing to its nonlinear response. This has been exploited in 
some RFID systems in which RF excitation at 2.45 GHz is re-radiated and detected at 4.9 GHz 
(Pohl and Reindl, New Passive Sensors, Proceedings of the IMTC, Venice, Italy (1999) 1251- 
1 255). A diode in the antenna circuit of the RFID system may be used to generate harmonics so 
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that the re-radiated signal can be separated from the input. For example, a diode in the antenna 
circuit may be used so that RF excitation at 13.56 MHz is re-radiated at 27.125 MHz. 

FIG. 1 shows a schematic diagram of an embodiment of the sensor of the invention. In 
this embodiment, the sensor comprises a RFID chip, a ferrite core antenna, a capacitive element 
and a diode. The diode produces even harmonics of the excitation frequency. 

In one embodiment, the shift in resonance frequency is a shift in frequency of the re- 
radiated second harmonic produced by the RFID chip. In a specific embodiment, the RFID 
operating bands used are 13.56 MHz for power and interrogation and 27.125 MHz for the re- 
radiated signal. 

According to the present invention, the RFID chip is operably linked with a detecting 
means that modifies the complex impedance (Z) of the resonant antenna circuit, to indicate an 
environmental parameter such as moisture content, temperature, pH or ion (e.g., chloride, sodium 
or potassium) concentration. It is well known in the art that capacitors can be used to modify the 
frequency of a re-radiated RF signal. The MEMS capacitors described hereinabove in Section 
5.2 modify the Z in this manner. 

In another embodiment, modulation of the re-radiated signal carries the sensor's 
identification signal (e.g., an identification number) for a limited duration of (e.g., once). In 
another embodiment, modulation of the re-radiated signal carries the device ID for as long as the 
device receives power. 

In one embodiment, the invention provides a sensor that is powered and interrogated by a 
transceiver using RF energy from a distance, e.g., a distance of 0.1-1 meter, 1-5 meters, 5-10 
meters, or greater than 10 meters. For example, at 125 KHz, the range is 0.1 - 0.25 meter; at 
13.5 MHz, the range is 0.25 - 0.5 meter; at 915 MHz, the range is 0.5 - 1 meter; and at 2.4 GHz, 
the range is 1 - 2 meters. 
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5.4.1 Capacitance measurement using RFID frequency shift 

An RFID chip is a powerless device that can transmit data that has been preprogrammed 
into its memory. The method used to extract data from such a device requires two steps. The 
first step is to power the device with an RF frequency. This is fairly simple to do. A high-Q, LC 
circuit comprising an inductor (L, the antenna), and a capacitor (C) are arranged nearby, and 
connected to, the RFID chip. Then another (reader) antenna is brought near to the RFID 
assembly. The magnetic field is picked up by the RFID antenna, a voltage is induced in its 
antenna and rectified inside the RFID chip, thereby powering the RFID device. Read distance is 
frequency dependent and proportional to the diameter of the reader antenna by \N2. The reader 
antenna can be thought of as the primary coil of a transformer whereas the RFID antenna is the 
secondary and the air between them is the coupling medium. 

The second step in RFID communication occurs with the actual data transmission after the 
device has achieved sufficient power. The typical data detection method is to detect the back 
scatter modulation from the RFID chip. Back scatter modulation is achieved by repeatedly 
shunting the antenna coil at the RFID device. Since the reader antenna coil and the RFID 
antenna coil, essentially form the primary and secondary windings of a transformer, a 
momentary shunt at the secondary causes a voltage drop at the primary which is detected by the 
reader. The signal is typically very small, perhaps 100 mV on a 100 volt signal. 

It is possible to shift the LC center frequency by adding or subtracting capacitance from 
the high Q circuit. The change in capacitance can come, in certain embodiments, from a MEMS 
device whose capacitance changes with a desired measurand. This can be accomplished by 
using the MEMS device as part of the LC circuit. In calibration, the capacitance change per unit 
of measure will be established. The task then becomes one of measuring the additional 
capacitance using center frequency shift. 

Shifting the resonance frequency reduces the power that can be transmitted to the RFID 
chip. A method for detecting the new resonance frequency is to sweep a fixed range of 
excitation frequencies looking for the best response from the RFID device. Since the RFID 
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signal is detected by measuring a change in the voltage at the reader, the best frequency will be 
indicated by the maximum voltage change at the reader. The reader signal can be visualized as 
Amplitude Modulated by the RFID device and the signal envelope is the demodulated signal. 
The frequency with the minimum envelope is the new resonance frequency. 

A means commonly known in the art to realize this type of detection is to build a reader 
with the ability to sweep a fixed frequency range. This may be done by methods commonly 
known in the art, such as using a voltage controlled oscillator (VCO) driven by a step, sawtooth, 
or ramp signal. A new output frequency would correspond to each new input voltage. 

The rate of change of the frequency should be very low, so that several hundreds of 
cycles of each new frequency are fed to the RFID device. This is required because the RFID 
device needs these cycles to charge its internal circuitry and execute initialization before sending 
its data back. With each new frequency, the change in the primary voltage will be measured. 

The process will be stopped once a maximum amount of voltage drop at the reader has 
been found at a particular frequency. Then the new center frequency can be measured or the 
voltage at the input to the VCO can be used to indicate the new center frequency. Once this 
center frequency is found, it must be subtracted from the original center frequency to determine 
the difference from which the change in capacitance can be calculated. The change in 
capacitance then yields the change in the unit of measure. 

A nonlinear change in capacitance can be accommodated with a look-up-table (LUT) 
generated from calibration data, a common art-known method. 

The above circuit may be realized without a controller by the proper connection of a 
ramp generator, VCO, peak detector, antenna circuit, and output display. However, in certain 
embodiments, the addition of a microcontroller will allow the ability to fine-tune the center 
frequency detection and repeatedly verify that this is the correct frequency. In certain 
embodiments, the LUT may be stored on the microcontroller and corrected readings given via 
analog or digital outputs. 
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FIG. 2 shows an RFID antenna-capacitor circuit for use in one embodiment of the sensor 
of the invention. LI is the sensor antenna coil, CI is a fixed capacitor, C2 is the variable 
capacitance formed by the sensor, which is the variable capacitor sensitive to the environment. 
C2 is switched out of the resonant circuit by the RFID chip using the internal transistor as it 
transmits its data. This action causes the resonance of the LC circuit formed by the antenna and 
capacitors to change, the change from resonance to non-resonance is detected at the reader as a 
voltage drop in the source antenna. However, it is the shift of the primary resonant frequency 
that allows the measurement a change in capacitance at C2. That is, the difference between the 
theoretical center frequency with C2 at some nominal value and the frequency at which the 
actual resonant frequency is found. This difference is used to infer a difference in capacitance at 
C2 and therefore a proportional difference in the environment. See Section 5.4.1 for details. 

5.5 Design of antenna and transceiver 

The sensor of the invention comprises an antenna operably connected to (e.g., wired to) 
the RFID chip. According to the invention, the antenna is operably connected (e.g., wired to) to 
the detecting means, and the antenna is tuned to an assigned frequency band and is part of an L- 
R-C circuit whose resonance frequency shifts within the assigned frequency band. A change in 
resonance frequency is characterized by a change in the amplitude of the source signal at the 
original resonance frequency. 

As disclosed above, national authorities assign frequency bands to be used with RFID 
chips. For example, in the United States, RFID devices are generally designed to operate within 
the assigned frequency bands of 125 KHz, 3.56 MHz, 27.125 MHz or 2.45 GHz. In one 
embodiment, the invention provides a sensor wherein the assigned frequency band is 13.56 MHz 
and the re-radiated signal is within a frequency band 27.125 MHz. 

According to the invention, an antenna is used to detect an RF signal emitted from an 
RFID system in one or more concrete sensors of the invention. A number of designs for 
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antennas are known in the art and may be evaluated for use in the present invention with respect 
to their sensitivity, range, directionality and robustness, according to methods well known in the 
art. Antennas may be designed, according to principles well known in the art, to maximize the 
range and sensitivity of the RFID system. 

Antennas suitable for use according to the invention include, but are not limited to, loop 
antennas, coil antennas and dipole antennas. In one embodiment, the antenna is mounted within 
the enclosure. In other embodiments, the antenna is mounted on the outside of the enclosure or 
is located external to the enclosure. In another embodiment, the antenna is wrapped around the 
enclosure. 

In one embodiment, the source supply and receiving antennas are two separate devices. 
Such two-antenna monitoring approaches are commonly known in the art (see, e.g., Ong, 
Grimes, Robbins and Singh, "Design and application of a wireless, passive, resonant-circuit 
environmental monitoring sensor," Sensors and Actuators A, 93 (2001) 33-430). 

Coil antennas may be used if the operating frequency of the concrete sensor is not in the 
GHz range. If the operating frequency is in the GHz range, a simple wire may be used as an 
antenna. 

Dipole antennas are highly directional. In embodiments in which a dipole antenna is 
employed, any method known in the art may be used to align the dipole antenna. In one 
embodiment, a sensor of the invention comprising a dipole antenna is mounted in a specific 
orientation on rebar, thereby aligning the dipole antenna in the specific orientation. 

In one embodiment, a loop antenna is used. Loop antennas generate a magnetic flux that 
may be expressed using the Biot-Savart equation as shown in the upper portion of FIG. 3, where 
A is the antenna surface area, \xq is the magnetic field constant, Ir and ri< are the current and 
radius of the reader's antenna and x is the distance at which the flux is measured. 
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In certain embodiments, the flux can be significantly increased by using a ferromagnetic 
core. 



In the lower portion of FIG. 3, the term represents the permeability of the core material. 
For either antenna design depicted (loop antenna (top half of diagram) or ferrite-core antenna), 
the magnetic flux increases with current, number and diameter of turns, and decreases with 
distance from the antenna, while the voltage induced in the reader's coil is proportional to the 
rate of change in flux, v = JV ■ d&/dt. 

This coupling between the two antennas can be expressed by the impedance equation, 



where w is the circular frequency, Mthe mutual inductivity and Z-fthe impedance of the 
transponder. The impedance of the reader can be measured without the presence of the 
transponder and removed from the equation during tests. 

From basic transformer theory, the mutual inductivity M is expressed by 



where L is an inductance, r is the radius of one of the loop antennas and x and 0 are the distance 
and angle between them. Subscripts R and T indicate reader and transponder respectively. This 
function is strongly dependent on the ratio of antenna diameters to distance between them. If the 
two antennas have identical diameters, the function M 2 varies as shown in FIG. 4. 

Using an RLC model of the transponder antenna, the impedance measured at the reader 
can be written as 




Z-Z H = 



(r-o> 2 RLC) 2 +orL 



orM 2 R 




. co 2 M 2 [coRc{r-o} 2 RLC)-(ol\ 
(R-6) 2 RLC) 2 +co 2 L 2 
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The real part of the impedance reaches a peak when its derivative is zero co r = VlTzC 

while the imaginary part crosses zero at &. = LC)-(\/ RC) 2 . The values of L and C can be 
determined from the complex impedance as long as M 2 does not become too small. 

The antenna preferably has a rigid support, so that it is not damaged during concrete 
pouring. Such supports are well known in the art, and include, but are not limited to, a ceramic- 
coated ferrite core (which would significantly increase the operating range but be much more 
directional) and a non-magnetic material. 

The sensor of the invention comprises a transceiver electromagnetically coupled with the 
antenna. A number of designs for transceivers are known in the art and may be evaluated for use 
in the present invention with respect to their sensitivity, range, directionality and robustness, 
according to methods well known in the art. 

In certain embodiments, the transceiver is operably connected (e.g., by a wired or 
wireless connection) to a means for measuring a frequency shift within the assigned frequency 
band. In one embodiment, the transceiver is operably connected (e.g., by a wired or wireless 
connection) to a means for measuring the complex impedance (Z) within the assigned frequency 
band. Means for measuring complex impedance (Z) are commonly known in the art, e.g., an 
4395A Impedance Analyzer from Agilent Technologies (Palo. Alto, CA). 

In one embodiment, the means for measuring a frequency shift within the assigned 
frequency band detects a change in the complex impedance (Z) of the transceiver. In another 
embodiment, it detects a re-radiated signal at a harmonic frequency. 

In one embodiment, the transceiver transmits over a range of frequencies centered on 
13.56 MHz and the sensor's antenna is designed to have the highest possible Q-factor. The 
design of components with high Q's are well known in the art. 



39 



In another aspect of this embodiment, an antenna tuned to 27. 1 25 MHz has a lower Q, in 
order to efficiently detect the second-harmonic signal as its frequency is shifted by the sensor. 

In another embodiment, the sensor comprises a diode within a resonant circuit that 
produces harmonics owing to its nonlinear response. In certain aspects of this embodiment, the 
RF excitation is 13.56 MHz and the re-radiated emission is detected at 27. 1 25 MHz.] RF 
excitation and reradiation is well known in the art (see, e.g., Pohl and Reindl, "New Passive 
Sensors", Proceedings of the IMTC, Venice, Italy (1999) 1251-1255). 

Since many active materials respond simultaneously to two or more measurands, both 
capacitors shown in FIG. 2 may be MEMS devices using different active materials. By 
determining two capacitances, the two measurands can be separated. 

5.6 Data collection 

In certain embodiments, the sensor of the invention comprises an information processor 
(e.g., a personal computer or a hand-held personal digital assistant (PDA)) in communication 
(i.e., connected by any art-known wired or wireless connection) with the transceiver. The 
information processor may be adapted to identify the environmental parameter from data 
generated by the transceiver, using any art-known information processing methods, e.g., an 
information processing program, conventional computer programming methods, etc. In one 
embodiment, the environmental parameter is identified by measuring a shift in complex 
impedance (Z) of the transceiver within the assigned frequency band. 

The invention provides a sensor that returns a unique identification number so that the data 
collected can be correlated with the sensor's location. In a specific embodiment, data is read by 
frequency analysis of one or more RLC antennas in the device, whose resonance frequencies is 
altered by a change or response in the active material (see Section 5.4.1). 
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5.7 Characterization and testing of the concrete sensor 

Characterization and testing of the sensor of the invention can be carried out according to 
methods well known in the art. For example, a sensor's performance can be evaluated over a 
range of the applications shown in Table 1. To test the sensor's performance in evaluating raw 
materials, the sensor can be used, e.g., to estimate temperature, moisture content, and chloride 
content of aggregates, pH of mix water, and to collect temperature-time and pH-time data for 
cement after the addition of water. Comparisons can be made to current methods known in the 
art for monitoring concrete (e.g., thermometry, electronic pH meters, chloride content test ASTM 
CI 14). In certain instances, a brief field evaluation can be conducted after testing, according to 
methods well known in the art. 

Fresh concrete determination can include, for example, a temperature-time determination 
(for maturity method calculations), and a moisture content determination to determine the water 
content of the fresh concrete. Control batches can be cast in the laboratory according to methods 
well known in the art. 

A sensor of the invention that responds to chloride ion concentration can be assessed, 
according to standard methods, to determine its ability to discern chloride content. For example, 
fresh concrete can be intentionally doped with various concentration of CaCl 2 (the most 
commonly used set- accelerating admixture). 

Hardened concrete samples can be immersed in a moist, high chloride content 
environment to monitor temperature, moisture content, and chloride content over time. Similar 
specimens can be placed in a chamber with an elevated CO2 partial pressure, to force carbonation 
and thus force a drop in pH. The response over time of a sensor of the invention to pH may be 
compared to the traditional method of using a phenolphthalein indicator on a freshly exposed 
concrete surface. 

The following examples are offered by way of illustration and not by way of limitation. 
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6. EXAMPLES 



FIG. 5 is a schematic diagram of the top view of an embodiment of a sensor of the invention 
comprising a MEMS device 500. The MEMS device forms the capacitive element of an L-R-C 
network (not shown). Two sets of interdigitated capacitive elements. 502 and 504, are formed 
within the MEMS device 500 with the first of these. 502, fixed within the device and the second, 
504, movably mounted on spring elements 508. The active material 506 (e.g., hydrogel) is 
disposed within and between the spring elements 508. This active material is chosen so that it 
responds to a measurand by swelling. As swelling occurs, capacitive element 504 moves relative 
to the fixed capacitive element 502, thereby changing the capacitance of the device. An 
important feature of this embodiment is the degree to which the active material 506 is 
constrained. The ratio of the surface bounded by the body of the MEMS device 500, the spring 
elements 508 and the movable capacitive element 504 to the free surface above and below the 
active material 506 is extremely high. As a consequence, the force that can be exerted by the 
active material is extremely high. 

FIG. 6 shows a schematic diagram of the top view of another embodiment of a sensor of the 
invention comprising a MEMS device 600. The MEMS device forms the capacitive element of 
an L-R-C network (not shown). Two sets of interdigitated capacitive elements, 602 and 604, are 
formed within the MEMS device 600 with the first of these, 602, fixed within the device and the 
second, 604, movably mounted on spring elements 608. The active material 606 (e.g., hydrogel) 
is disposed between the main body of the MEMS device 600 and the movable capacitive element 
604. This active material is chosen so that it responds to a measurand by swelling. As swelling 
occurs, capacitive element 604 moves relative to the fixed capacitive element 602, thereby 
changing the capacitance of the device. An advantage of this embodiment is the ease with which 
the active material 606 can be deposited. There is, however, a reduction in the amount of force 
that can be applied to movable capacitive element 604, due to the reduction in the degree of 
constraint in material 606. 

FIG. 7 shows a schematic diagram of the top view of yet another embodiment of a sensor of 
the invention comprising a MEMS device 700. The MEMS device forms the capacitive element 
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of an L-R-C network (not shown). Two sets of immovable, interdigitated capacitive elements, 
702 and 704, are formed within the MEMS device 700. The active material 706 (e.g., hydrogel) 
is disposed between the two sets of capacitive elements. This active material is chosen so that it 
responds to a measurand by a change in permittivity and, consequently, changes the capacitance 
of the device. Although swelling may also occur, this does not directly affect the capacitance. 

FIG. 8 shows a schematic diagram of the top view of a further embodiment of a sensor of 
the invention comprising a MEMS device 800. The MEMS device forms the capacitive element 
of an L-R-C network (not shown). Two sets of interdigitated capacitive elements, 802 and 804, 
are formed within the MEMS device 800 with the first of these, 802, fixed within the device and 
the second, 804, movably mounted on spring elements 808. The active material 806 (e.g., 
hydrogel) is disposed between the two sets of capacitive elements 802 and 804. This active 
material is chosen so that it responds to a measurand by swelling and by a change in its 
permittivity. Swelling is liable to be restricted by shear forces acting within the active material, 
between the interdigitated elements, however, some displacement of movable capacitive element 
804 will occur. This movement can change the capacitance of the device in the same sense as 
the change that arises from the change in permittivity, thereby increasing the sensitivity of the 
MEMS capacitor 800. 

The present invention is not to be limited in scope by the specific embodiments 
described herein. Indeed, various modifications of the invention in addition to those described 
herein will become apparent to those skilled in the art from the foregoing description. Such 
modifications are intended to fall within the scope of the appended claims. 

All references cited herein are incorporated herein by reference in their entirety and for 
all purposes to the same extent as if each individual publication, patent or patent application was 
specifically and individually indicated to be incorporated by reference in its entirety for all 
purposes. 
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The citation of any publication is for its disclosure prior to the filing date and should not 
be construed as an admission that the present invention is not entitled to antedate such 
publication by virtue of prior invention. 
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